ture due to electron overflow from r valleys to L valleys. For infrared MQW SAS lasers with rather large quantum wells ( ~ 8 nm), in which the overflow effect is small, we obtained To = 225 K in the temperature range 10-110 dc. Figure 4 shows preliminary life-testing results for our MQW SAS lasers at 70°C under a constant output of 20 mW. As shown, these lasers have operated for more than 1100 h.
YB. W. Hakki and T. L. Paoli, J. Appl. Phys. 46, 1299 Phys. 46, (1975 Precise observation of the single longitudinal mode spectrum for distributed feeedback lasers revealed fine structures when the spectrum was broadened by high-speed modulation. A dynamic simulation can explain reasonably the above behavior if the model takes into account the carrier density modulation enhanced by the relaxation oscillation. In this letter, experimental results where both modulation depth and speed were varied are described along with a calculated result.
Recent progress of single longitudinal mode (SLM) lasers, such as distributed feedback (DFB), distributed Bragg reflector, and cleaved coupled cavity lasers, promises the realization oflonger repeater span and/or wider band optical transmission. These lasers oscillate in single longitudinal mode even under high-speed modulation, so the dispersion problem in optical fibers has been proved to be suppressed considerably. ' .2 However, even in SLM lasers, under highspeed modulation, the linewidth of a longitudinal mode is broadened by the chirping effece· 4 which is caused by the modulation-induced fluctuation of carrier density. The emission spectrum from conventional Fabry-Perot lasers has been studied in detail for the small-signal modulation cases. 5 This letter reports the broadening and fine structures of the emission spectrum from DFB lasers under deep modulation. It is shown that the fluctuation of carrier density induced by the relaxation oscillation causes the fine structure.
1.3-fLm DFB lasers with threshold current Ith of around 46 mA were used. The lasers oscillated in single longitudinal mode with a side mode suppression of at least 30 dB during the experiments. The emission spectra under sinusoidal intensity modulation were measured by two scanning FabryPerot interferometers. The free-spectral range of an interferometer was about 40 GHz and the finesse was about 30, and those of the other were 3 GHz and 40, respectively. The lasing spectrum under dc operation at a current level of 1.2Ith is shown in Fig. I (a) . The linewidth is about 75 MHz, which is limited by the interferometer resolution. Figure l(b) shows the spectrum under modulation, where the modulation frequency fwas 300 MHz, the bias current Ih was I.2I th , and the modulation current 1m was 0.I5I th . P_P' The spectrum has a fine structure with many peaks, which are the frequency modulation (FM) sidebands 5 of the lasing line due to the refractive index change induced by the modulation current. The total width of the spectrum envelope was broadened up to 600 MHz, but the broadening of the individual peak widths was not detected under the interferometer resolution. With increasing modulation current, the intensity of the central peak was observed to decrease, while that of the sidebands showed an increase. However, when the current modulation index exceeded 100%, the FM sideband structure disappeared to exhibit a broad spectrum as shown in Fig. l(c) . The disappearance of the sideband can be understood as follows. When the modulation current swings across the threshold, the light output becomes a train of isolated pulses which are not coherent to each other, hence the FM sideband structure disappears.
A typical spectrum under deep modulation measured by the low-resolution interferometer is shown in Fig. 2(a) . The modulation frequency was 1 GHz. The bias current was 1.07I th and the modulation current was 0.14I th . p_p ' The spectrum has a fine structure with three peaks, of which the total width is about 40 GHz. The structure does not represent the FM sideband because the frequency spacings between the peaks are at least ten times the modulation frequency and the coherence between light pulse trains is lost due to deep modulation. The structure was sensitive to the modulation condition and exhibited many peaks in certain cases. These features cannot be explained with a small-signal analysis which predicts a broad spectrum with a twin-peak or a FM-sideband structure.
5 Figure 2 (b) shows the light waveform under the same modulation condition as Fig. 2(a) . As shown in Fig. 2(b) , the relaxation oscillation appears. The relaxation oscillation must accompany large fluctuations of the carrier density which may affect the spectrum. These experimental results suggest the necessity of large-signal treatments including the relaxation oscillation to analyze the spectrum in Fig. 2(a) . The effects were simulated using the rate equations involving the carrier diffusion term.
6 Calculated results of light waveform and carrier density waveform are shown in Figs. 3(a) and 3(b) . The calculation conditions were equal to the experimental condition in Fig. 2 . Parameters used were the spontaneous factor of 2 X 1 0 ~ 5, the carrier lifetime of 1 ns, and the photon lifetime of 1 ps. These parameters were determined from conventional experiments for the device, fitting between theoretical and experimental current versus light output characteristics, current dependence oflasing delay and that of resonance frequency. In Fig. 3 , the relaxation oscillation accompanied by a large fluctuation of carrier density is observed.
In Fig. 4(a) we show the variation of carrier density and that of the light intensity derived from Fig. 3 . Numbers on the curve are the normalized time defined in Fig. 3 . The time-averaged emission spectrum is given by the average of a momentary sharp spectrum.
4 By integrating the light intensity of the momentary light frequency for a period ofmodulation, the time-averaged emission spectrum was calc.ulated and shown in Fig. 4(b) . In the simulation, the coefficIent of 10 3 GHz, which was determined from the measurement of injection current dependence of the emission wavelength below threshold, was used as the frequency shift due to normalized carrier density (N IN'h) ' The calculated spectrum has a fine structure with four peaks. The peaks correspond to the time around 0.3,0.8-0.9,0.5-0.6, and 0.2, where the carrier density, in other words, the lasing wavelength changes slow- ly with time, so the time integration of light intensity becomes maximum to exhibit the peaks. Thus the time-averaged spectrum shows several peaks corresponding to the relaxation oscillation peaks in the carrier waveform. In summary, a fine structure with several peaks was observed in the emission spectrum of a DFB laser broadened under high-speed direct modulation. The proposed model, which involves carrier density modulation enhanced by relaxation oscillation, can explain the experiments reasonably.
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